Glucocorticoids elicit a variety of biological responses in skeletal muscle, including inhibiting protein synthesis and insulin-stimulated glucose uptake and promoting proteolysis. Thus, excess or chronic glucocorticoid exposure leads to muscle atrophy and insulin resistance. Glucocorticoids propagate their signal mainly through glucocorticoid receptors (GR), which, upon binding to ligands, translocate to the nucleus and bind to genomic glucocorticoid response elements to regulate the transcription of nearby genes. Using a combination of chromatin immunoprecipitation sequencing and microarray analysis, we identified 173 genes in mouse C2C12 myotubes. The mouse genome contains GR-binding regions in or near these genes, and gene expression is regulated by glucocorticoids. Eight of these genes encode proteins known to regulate distinct signaling events in insulin/insulin-like growth factor 1 pathways. We found that overexpression of p85α, one of these eight genes, caused a decrease in C2C12 myotube diameters, mimicking the effect of glucocorticoids. Moreover, reducing p85α expression by RNA interference in C2C12 myotubes significantly compromised the ability of glucocorticoids to inhibit Akt and p70 S6 kinase activity and reduced glucocorticoid induction of insulin receptor substrate 1 phosphorylation at serine 307. This phosphorylation is associated with insulin resistance. Furthermore, decreasing p85α expression abolished glucocorticoid inhibition of protein synthesis and compromised glucocorticoid-induced reduction of cell diameters in C2C12 myotubes. Finally, a glucocorticoid response element was identified in the p85α GR-binding regions. In summary, our studies identified GR-regulated transcriptional networks in myotubes and showed that p85α plays a critical role in glucocorticoidinduced insulin resistance and muscle atrophy in C2C12 myotubes.
G lucocorticoids perform vital metabolic functions in skeletal muscle: inhibiting protein synthesis and insulin-stimulated glucose uptake and promoting protein degradation. These effects are critical during stress, producing amino acid precursors for gluconeogenesis, which provides glucose for the brain. Initially, muscle insulin resistance maintains adequate circulating glucose to fuel the brain; however, these effects are deleterious if chronic. Treating animals with glucocorticoids causes a decrease in skeletal muscle size (1) (2) (3) (4) . Mice treated with glucocorticoids have reduced insulin-stimulated glucose uptake and GLUT4 translocation in myotubes (5) (6) (7) . Circulating glucocorticoid levels are higher in obese ob/ob and db/db mice than in normal mice. Adrenalectomy in these obese mice improves insulin-stimulated muscle glucose disposal (8) . These changes are in part due to the direct effect of glucocorticoids on myotubes, as glucocorticoid treatment in cultured myotubes reduces cell diameters (9) (10) (11) and inhibits insulin-stimulated glucose utilization (5, 12) .
Although the metabolic effects of glucocorticoids in skeletal muscle are well known, the underlying mechanisms are not fully understood. One way in which glucocorticoids affect glucose and protein metabolism is to antagonize the insulin/insulin-like growth factor 1 (IGF1) pathway (5, 13) , which promotes protein synthesis and glucose utilization. Insulin/IGF1 acts by binding to membrane receptors, tyrosine kinases that autophosphorylate and phosphorylate insulin receptor substrates (IRS) (14) . Tyrosinephosphorylated IRS associate with insulin receptors (IR) and activate signaling pathways (14) . Mice treated with glucocorticoids have reduced levels of tyrosine-phosphorylated IR and total IRS-1 in skeletal muscle (5) . The activity of phosphatidylinositol 3-kinase (PI3K) and Akt, two signaling molecules downstream of IR and IRS-1, is also decreased (5) . Glucocorticoids also reduce the activity of mammalian target of rapamycin (mTOR), a protein kinase downstream of Akt and upstream of p70 S6 kinase (p70S6K) (15) . Furthermore, glucocorticoid treatment increases the phosphorylation of serine 307 of IRS-1 (pSer307-IRS-1) (5), which disrupts the association of IR and IRS-1, reducing the insulin/IGF1 response (16) . However, the mechanism by which glucocorticoids inhibit the insulin/IGF1 pathway is unclear.
Although certain glucocorticoid effects are independent of intracellular glucocorticoid receptors (GR) (17) , the majority are mediated by GR, which, upon binding to its ligand, moves to the nucleus and interacts with genomic GR response elements (GRE). It is critical to identify genes directly regulated by GR to learn the physiological mechanisms of glucocorticoids. Here, we used a combination of chromatin immunoprecipitation sequencing (ChIPseq) and microarray analysis to identify direct targets of GR in mouse C2C12 myotubes. We identified potential GR primary targets previously shown to modulate distinct steps of insulin/IGF1 signaling. We focused on one potential GR primary target, p85α. Experiments were conducted to identify its GRE and its role in the suppressive effects of glucocorticoids on myotube diameters, protein synthesis, and the insulin/IGF1-signaling pathway.
Results

Identification of Potential GR Primary Target Genes in C2C12 Myotubes.
Microarray analyses were conducted in C2C12 myotubes treated for 6 or 24 h with dexamethasone (Dex), a synthetic glucocorticoid, or ethanol (EtOH), a vehicle control. Combining data from both time points, we found that Dex induced the expression of 363 genes by more than 1.5-fold and inhibited the expression of 218 genes by more than 1.5-fold (Dataset S1). To learn which of these genes contains GR-binding regions (GBR) in or near their genomic regions, ChIPseq was performed with C2C12 myotubes treated with Dex or EtOH for 1 h. We located 2,251 genomic positions with sequencing reads significantly enriched in Dextreated samples compared with EtOH-treated ones, with a P value threshold of 10 −5
. We used PinkThing to assign these genomic GBR to mouse genes on the basis of proximity and grouped target sites on the basis of their relative position to the nearest gene (GBR are listed in Dataset S2). We found 42% of GBR in the intron regions and 29% either 25 kb upstream of transcription start site (TSS) or downstream of stop codons (Fig. 1A ). In contrast, only 5% of GBR are located within 5 kb upstream from TSS (Fig. 1A) . Overall, we identified 147 Dex-activated genes and 26 Dex-repressed genes containing GBR in or near their genomic regions (Table S1 , Dataset S3).
The top categories of gene annotation from gene ontology analysis of 173 GR-regulated genes include those encoding proteins involved in the receptor tyrosine kinase-signaling pathway, blood vessel development, apoptosis, muscle organ development, and cytoskeletal organization (Dataset S4). We performed a combination of BioProspector and STAMP analyses to search for consensus motifs within GBR located in or near genes that were regulated by glucocorticoids. For glucocorticoid-activated genes, the classical GRE was the most represented motif in these analyses on the basis of E values (Fig. 1B) . Binding motifs for HSF, AP-1, NF-E2, MAF, NRF-2, core binding, AML, PEBP, FOXP3, HNF3α, T3R, and RREB-1 were all significantly represented (Table S2 ). For glucocorticoid-repressed genes, the classical GRE motif was also highly represented (Fig. 1C) . Moreover, HSF, SMAD3, T3R, XBP-1, ELF-1, HAC-1, ID-1, FOXP3, AbaA, XPF-1, Bach1, and AP-1 were all high on the list of binding motifs (Table S3) .
Glucocorticoid-Controlled Genes Involved in Insulin/IGF1 Signaling.
Gene ontology analysis revealed that many glucocorticoid-regulated genes affect receptor tyrosine kinase signaling. We analyzed the potential GR primary targets that can specifically inhibit the insulin/IGF1 pathway, which propagates through receptor tyrosine kinases. As shown in Fig. 2A , at least eight glucocorticoid-regulated genes encode proteins that can modulate the activity of this pathway. One of these genes, Cblb, encodes a ubiquitin E3 ligase involved in IRS-1 degradation (18) . Pid-1 inhibits the tyrosine phosphorylation of IRS-1 (19) . Grb10 inhibits the physical interaction between IR and IRS-1 (20) . Overexpression of p85α induces insulin resistance in vitro and in vivo (21) (22) (23) . Sesn 1 (24), Ddit4 (15) , and Depdc6 (25) inhibit mTOR. Finally, mice with bone-marrow-specific deletion of Sorbs1 are protected from high-fat-diet-induced insulin resistance (26) , indicating that overexpression of Sorbs1 could induce insulin resistance. To learn whether these genes were regulated by glucocorticoids in vivo, mice were injected with Dex or PBS control for 24 or 96 h. We found that mice injected with Dex for 24 h had significantly higher expression of Cblb and Pid1 than those injected with PBS in gastrocnemius muscles (Fig. 2B) . Furthermore, the expression of Cblb, Pid1, p85α, Sesn1, Ddit4, and Sorbs1 was increased in mice treated with Dex for 96 h compared with the control (Fig. 2B) . To determine the effect of chronic glucocorticoid exposure, we used transgenic mice overexpressing corticotropin-releasing hormone (CRH-Tg). CRH causes an increased secretion of adrenocorticotropic hormone, which further stimulates the secretion of adrenal corticosterone. In CRH-Tg mice, the expression of Cblb, Pid1, p85α, Ddit4, Sorbs1, and Sesn1 was markedly elevated in gastrocnemius muscles (Fig. 2C) . In summation, at least six of the potential GR primary targets can inhibit insulin/IGF1 signaling in vivo.
A critical criterion for determining GR primary targets is that GR directly regulates their transcription. Thus, these GBR should be able to mediate the glucocorticoid response. To validate the GBR identified near these eight genes, each GBR was inserted upstream of a TATA box of a heterologous reporter plasmid, pGL4.10-E4TATA, which drives a firefly luciferase gene. A collection of plasmids used is listed in Dataset S5. We found that all GBR tested could mediate glucocorticoid responses (Fig. 3A) , suggesting these eight glucocorticoid-regulated genes are primary targets of GR.
Role of p85α in Glucocorticoid-Regulated Insulin Signaling. The induction of p85α by glucocorticoids in vivo ( Fig. 2 B and C) prompted further analysis into its role in mediating glucocorticoid responses in muscle. First, we identified the GRE in the p85α GBR. We searched for DNA sequences matching at least seven nucleotides to the consensus GRE motif identified from BioProspector/STAMP (RGXACAnnnTGTXCY) (Fig. 1C) in the p85α GBR. Three potential GRE-like sequences (GLS) were found, and for each GLS, we mutated the nucleotide from G to C at position 11, which makes direct contact with GR (27) (Fig.  3B) . With the reporter assay, we found that GLS-2 mutants had an 80% reduction in the Dex response. Although the GLS-3 mutation had no significant effect, the GLS-1 mutation moderately potentiated the Dex response (Fig. 3C ). Double mutations of GLS-2 and GLS-3 had similar effects as GLS-2 single mutations, and double mutations of GLS-1 and GLS-2 resulted in a slight increase in Dex response compared with GLS-2 single mutations (Fig. 3C) . These results indicated that, although GLS-1 may be suppressive, GLS-2 plays a central role in mediating the glucocorticoid response. Furthermore, we used TFSEARCH to identify transcription factor-binding motifs in the p85α GBR. We found SRY-, GATA-, USF-, and Ikaros-binding sites located in the vicinity of GLS-2 (Fig. S1) .
Next, we examined the role of p85α on glucocorticoid-induced inhibition of signaling molecules participating in the insulin/IGF1 pathway. We used lentiviral-mediated small hairpin RNA (shRNA) to decrease p85α expression (sh-p85α) in C2C12 cells. Control cells were infected with lentiviruses expressing shRNA with scramble sequences (sh-scr). Cells were then treated with Dex or EtOH for 72 h. In sh-scr cells, p85α protein levels were increased upon Dex treatment (Fig. 4A) . In sh-p85α cells, p85α levels were reduced ∼90% in both Dex-and EtOH-treated cells (Fig. 4A) .
We monitored the phosphorylation status of serine 473 of Akt (pSer473-Akt) and threonine 389 of p70S6K (pThr389-S6K). These phosphorylations are required to potentiate their kinase activity. In contrast, pSer307-IRS-1 disrupts its interaction with the insulin/IGF1 receptor. In sh-scr cells, pSer473-Akt and pThr389-S6K levels were reduced upon Dex treatment (Fig. 4A) . Although pSer307-IRS-1 levels were comparable between Dexand EtOH-treated cells, IRS-1 protein expression was decreased upon Dex treatment in sh-scr cells (Fig. 4A) . After normalizing to the IRS-1 protein present, there was a significant increase of pSer307-IRS-1 in Dex-treated sh-scr cells. In sh-p85α cells, Dex For GBR of glucocorticoid-induced genes, BioProspector analysis identified a motif that is similar to the consensus GRE in STAMP. (C) For GBR of glucocorticoid-repressed genes, BioProspector analysis also identified a motif that is similar to the consensus GRE in STAMP. (B and C) The E value is a parameter that describes the number of hits that one can expect to see by random chance when searching a database of a particular DNA element.
treatment did not suppress the levels of pSer473-Akt and pThr389-S6K ( Fig. 4 A and B). Although total IRS-1 protein levels decreased upon Dex treatment, this reduction was weaker than that of Dex-treated sh-scr cells ( Fig. 4 A and B). Considering the similarity of pSer307-IRS-1 levels and the difference in total IRS-1 levels between Dex-and EtOH-treated sh-scr and sh-p85α cells, the ability of Dex to induce pSer307-IRS-1 was significantly compromised by knocking down p85α (Fig. 4B) . Notably, EtOH treatment resembles PBS-treated sh-scr and shp85α cells (Fig. 4B ). Overall, our data indicated that reducing the expression of p85α compromised the ability of glucocorticoids to inhibit the activity of Akt and p70S6K, to reduce IRS-1 protein levels, and to induce phosphorylation at serine 307 of IRS-1.
Role of p85α in Glucocorticoid-Induced Muscle Atrophy. We investigated whether p85α is involved in glucocorticoid-induced muscle atrophy. C2C12 myotubes were infected with adenoviruses expressing p85α (Ad-p85α) or a control of LacZ (Ad-LacZ). Cell diameters were then measured 72 h after infection. p85α protein levels are approximately fourfold higher in Ad-p85α than in AdLacZ cells (Fig. 5A ). We found that significantly more Ad-p85α myotubes had smaller cell diameters than Ad-LacZ ones (Fig. 5B ).
The average cell diameter of Ad-p85α myotubes was about 30% smaller than Ad-LacZ ones (Fig. 5C ). These results demonstrate that overexpressing p85α mimics the effect of glucocorticoids in reducing C2C12 myotube diameters.
Following the treatment of sh-scr and sh-p85α myotubes with Dex, EtOH, or PBS for 72 h, we measured cell diameters. The average diameter of Dex-treated sh-scr myotubes was 28% smaller than those of EtOH-treated sh-scr myotubes (Fig. 5D ). A similar effect was observed in wild-type (WT) myotubes, with no lentiviral infection, treated with Dex and EtOH (Fig. 5D ). In contrast, the average diameter of Dex-treated sh-p85α myotubes was 14% smaller than that of EtOH-treated sh-p85α myotubes (Fig. 5D ). Although glucocorticoids still decreased C2C12 myotube diameter, reduced p85α expression significantly compromised this decrease. Notably, the average myotube diameters of EtOHtreated WT, sh-scr, and sh-p85α myotubes were comparable.
In addition, we investigated the effect of glucocorticoids on protein synthesis in sh-scr and sh-p85α myotubes. Myotubes were treated with Dex or EtOH for 72 h, and protein synthesis was measured using a fluorescence assay. We found that Dex-treated sh-scr myotubes had 13% lower nascent protein synthesis than EtOH-treated sh-scr myotubes (Fig. 5E ). In contrast, Dex-treated sh-p85α myotubes had 14% higher nascent protein synthesis than EtOH-treated sh-p85α myotubes (Fig. 5E) . Notably, the protein synthesis rates in EtOH-treated sh-scr and sh-p85α myotubes were similar. Our data suggest that p85α mediates glucocorticoid-reduced protein synthesis.
Previous studies have shown that, in myotubes, glucocorticoids stimulate the expression of atrogenes such as FoxO1, FoxO3, atrogin-1 (a.k.a. MAFbx), and MuRF-1, which contribute to glucocorticoid-induced muscle atrophy (28, 29) . We found that , and nt − 43913 to +43899 (GLS-3). Point mutation, indicated by underlining, is made in each GLS to generate a mutant (mt). Mt 1 has nt −43993 mutated from G to C; mt 2, nt −43928 from G to C; and mt 3, nt −43903 from G to C. (C) Reporter assay, as described in A, was carried with WT and mt p85α GBR plasmid. pGL4-p85α mt 1+2 represents a double mutant of GLS-1 and -2; pGL4-p85α mt 1+3, a double mutant of GLS-1 and -3; and pGL4-p85α mt 2+3, double mutant of GLS-2 and -3.
72 h of Dex treatment induced FoxO3, atrogin-1, and MuRF-1 gene expression in sh-scr myotubes (Fig. 5F ). However, this induction was diminished in sh-p85α myotubes (Fig. 5F ). These results indicate that p85α is involved in glucocorticoid-induced FoxO3, atrogin-1, and MuRF-1 gene expression. Immunoblotting showed that Dex treatment up-regulated total FoxO1 and FoxO3 proteins, whereas the levels of phosphorylated-FoxO1 (pFoxO1) and FoxO3 (pFoxO3) were unchanged (Fig. 5G) . Thus, the ratio of pFoxO1 to total FoxO1 and the ratio of pFoxO3 to total FoxO3 were reduced. However, these ratios were similar in sh-scr and sh-p85α myotubes.
Discussion
In this report, we present several findings. First, we identified potential GR primary target genes in C2C12 myotubes. Identification will facilitate future studies into the mechanisms underlying glucocorticoid actions in skeletal muscle physiology. Second, through ChIPseq, we localized genome-wide GBR in C2C12 myotubes, which is the first step in understanding the mechanisms governing GR-regulated gene transcription. Finally, we found eight potential GR primary targets that can modulate distinct steps in insulin/IGF1 signaling. Specifically, we have shown that p85α induction plays a key role in mediating glucocorticoid inhibition of the insulin/IGF1 response. We previously identified GBR in another mouse cell type, 3T3-L1 adipocytes (30) . The distribution of GBR in genomic regions is similar in adipocytes and myotubes. Whereas only 5% of GBR lie within 5 kb upstream of TSS, many are localized in introns greater than 25 kb upstream of TSS or greater than 25 kb downstream of stop codons. In motif analyses of GBR from glucocorticoid-activated genes, classical GRE sequences were highly represented. AP-1 and HNF3α, two binding motifs that have been shown to act with GR for maximal activation of transcription (31, 32) , also scored highly. The binding site of HNF3α is similar to that of FoxO1 and FoxO3, which perform similar metabolic functions to GR in myotubes, as they promote proteolysis, reduce protein synthesis, and reduce glucose utilization (33) . Therefore, GR and FoxO may act together to transcriptionally regulate genes involved in these physiological processes. The classical GRE sequence is also highly represented in GBR of genes repressed by glucocorticoids, but the mechanism is unclear. The AP-1 element, which mediates glucocorticoid repression (34), was highly represented in the GBR of glucocorticoid-repressed genes. Most motifs identified in GBR of glucocorticoid-regulated genes have not been linked to transcriptional repression by GR.
Gene ontology analysis recognized some GR primary targets involved in the regulation of apoptosis. In myotubes, glucocorticoids were shown to potentiate apoptosis (35) . This analysis also identified gene groups involved in muscle organ development and cytoskeletal organization, suggesting that glucocorticoids may modulate mechanical properties of muscle, a concept that has not been extensively studied. Genes involved in blood vessel development were also highly represented. Many of these genes regulate angiogenesis, which plays an important role in modulating skeletal muscle health (36) . The role of glucocorticoids in angiogenesis has been described (37) , but the impact of this function on skeletal muscle is not entirely clear.
We focused on gene clusters that modulate insulin/IGF1 receptor tyrosine kinase signaling because glucocorticoids decrease insulin-stimulated glucose utilization and protein synthesis and increase proteolysis. In skeletal muscle, glucocorticoids affect multiple steps in the insulin/IGF1-signaling pathway. Therefore, it is conceivable that glucocorticoids induce a group of genes to mediate these effects. We focused on elucidating the role of p85α, the regulatory subunit of PI3K, in glucocorticoid-inhibited insulin signaling. Excess p85α can compete with PI3K (a heterodimer of p85α and the catalytic subunit of PI3K) to interact with IRS-1 (23, 38) , resulting in a decrease in insulin response. In contrast, reducing the expression of p85α improves insulin sensitivity (39) . Moreover, the induction of p85α gene expression by glucocorticoids and the functional interaction between GR and the p85α /PI3K pathway were previously described (40) (41) (42) . We demonstrated that p85α is a GR primary target by identifying a GRE in the p85α GBR. We used RNAi to decrease p85α expression in C2C12 cells to analyze its role in glucocorticoid responses. The levels of pSer473-Akt and pThr389-S6K were a little lower in EtOH-treated sh-p85α cells compared with EtOH-treated sh-scr cells (Fig. 4B) , suggesting that the reduction of p85α expression decreased the activity of Akt and p70S6K. However, previous studies indicated that Pik3r2, another regulatory subunit of PI3K, can compensate for p85α function in skeletal muscle-specific p85α knockout mice (43) . In our sh-p85α myotubes, Pik3r2 and the remaining p85α should have been enough to support downstream activities. Therefore, the reduced suppressive effect of glucocorticoids was unlikely due to the lack of activity in insulin/IGF1 signaling.
Our results from p85α RNAi experiments raise several interesting points. First, p85α reduction limited the ability of Dex to decrease IRS-1 protein expression; however, IRS-1 gene expression was unchanged after 6 or 24 h of Dex treatment according to microarray analysis. Therefore, Dex likely reduced IRS-1 protein stability, but the mechanism of p85α in glucocorticoid-promoted IRS-1 degradation is unclear. Second, p85α reduction decreased Dex-induced phosphorylation of IRS-1 at serine 307. Several kinases, including ΙκB kinase β (IKKβ), p70S6K, c-Jun N-terminal kinases (JNK), and PKCθ, have been shown to phosphorylate IRS-1 at serine 307 (16) . To our knowledge, there are no reports that glucocorticoids can increase IKKβ activity. Because glucocorticoids decrease p70S6K activity, p70S6K is unlikely to mediate this event. Interestingly, in obese and type 2 diabetic patients, p85α protein expression correlates with the activity of JNK, PKCθ, and pSer307-IRS-1 (44) . Establishing the link between glucocorticoids, p85α, JNK, and PKCθ requires further study. Our studies have shown that p85α is involved in glucocorticoid-induced atrophy and glucocorticoid-inhibited protein synthesis in C2C12 myotubes. Dex treatment resulted in a 50% smaller reduction of myotube diameter in sh-p85α cells than in control cells. The remaining Dex-induced reduction of diameter in sh-p85α myotubes may be due to residual p85α. Alternatively, other GR-regulated genes might contribute to the Dex effect. Supporting this alternative, a study showed that reducing Ddit4 expression attenuates glucocorticoid-inhibited protein synthesis in L6 myotubes (15) . This study suggests that additional genes, such as the remaining six GR primary targets, may also have a nonredundant effect and could mediate glucocorticoid-induced muscle atrophy by suppressing insulin/IGF1 signaling.
The ability of Dex to decrease cell diameters in sh-p85α myotubes may be due to Dex-induced protein degradation, as the inhibitory effect of Dex on protein synthesis was abolished in these cells. Glucocorticoids have been shown to increase the expression of MuRF-1 and atrogin-1, two ubiquitin E3 ligases implicated as causes of muscle atrophy (40) . In mice lacking MuRF1, the ability of glucocorticoids to induce muscle atrophy is compromised (3). The previously identified MuRF1 GRE (45) was not found in our ChIPseq; however, it is possible that our GR antibody did not recognize the conformation of GR while bound to the MuRF1 GRE. FoxO1 is required for maximal glucocorticoid-activated MuRF1 gene transcription. Although we did not find any GBR near or within the atrogin-1 gene, its transcription is activated by FoxO1 and FoxO3 (11) . In agreement with previous reports, we observed a reduced ratio of pFoxO1 to total FoxO1 upon Dex treatment (29) . Also, we found a decreased ratio of pFoxO3 to total FoxO3. However, these ratios were similar between sh-scr and sh-p85α myotubes, despite the reduced ability of Dex to suppress Akt activity in the latter. Because Dex increased total FoxO1 and FoxO3 proteins, it added another layer of complexity for the calculation and comparison between their phosphorylation status in sh-scr and sh-p85α cells. The immunoblotting might not be sensitive enough to consistently detect the difference. Upon 72 h Dex treatment, FoxO3, MuRF-1, and atrogin-1 gene expressions were reduced in sh-p85α myotubes, but levels of total FoxO3 protein in sh-scr and sh-p85α myotubes were similar. A longer Dex treatment could be required to observe a change in FoxO3 protein level. Nonetheless, the fact that p85α is involved in Dex-activated atrogene expression suggests that it has a role in glucocorticoid-induced protein degradation.
In summary, we have identified GR-controlled transcriptional networks in myotubes and focused on one that can modulate insulin/ IGF1 signaling. We highlighted the role of p85α in this crosstalk between glucocorticoid and insulin action. Future studies will test other GR primary targets to complete the picture of glucocorticoidinduced insulin resistance and muscle atrophy in skeletal muscle.
Materials and Methods
Cell Culture. The protocol for cell culture is shown in SI Materials and Methods. Chromatin Immunoprecipitation Sequencing. Fully differentiated C2C12 myotubes were treated with 1 μM Dex or control EtOH for 1 h and cross-linked in 2% formaldehyde for 3 min at 37°C. The reactions were quenched with 0.125 M glycine. The cells were then washed with 1× PBS and scraped and lysed in cell lysis buffer (50 mM Hepes-KOH at pH 7.4, 1 mM EDTA, 150 mM NaCl, 10% glycerol, 0.5% Triton X-100), supplemented with protease inhibitor mixtures (Calbiochem). The cell lysate was incubated for 1 h at 4°C, and the crude nuclear extract was collected by centrifugation at 600 × g for 5 min at 4°C. The nuclei were resuspended in 1 mL of ice-cold RIPA buffer (10 mM Tris·HCL at pH 8.0, 1 mM EDTA, 150 mM NaCl, 5% glycerol, 1% Triton X-100, 0.1% sodium deoxycholate, 0.1% SDS, supplemented with protease inhibitor). The chromatin was fragmented with a Branson Sonifier 250 sonicator (13 min total, 20-s pulse at 35% power followed by a 40-s pause) on ice. To remove insoluble components, we centrifuged the samples at 13,000 × g for 15 min at 4°C and recovered the supernatant. One microgram of rabbit polyclonal anti-glucocorticoid receptor (GR) (N499, provided by the Keith R. Yamamoto laboratory, University of California at San Francisco) antibody was add to the supernatant to immunoprecipitate GR-bound chromatin at 4°C overnight. The next day, 100 μL of 50% protein A/G plusagarose bead slurry (Santa Cruz Biotechnology) was added to each immunoprecipitation and incubated for 2 h at 4°C. The beads were then washed twice with RIPA buffer; three times with RIPA buffer containing 500 mM NaCl, twice with LiCl buffer (20 mM Tris at pH 8.0, 1 mM EDTA, 250 mM LiCl, 0.5% Nonidet P-40, 0.5% sodiumdeoxycholate), and one time with RIPA buffer, all supplemented with protease inhibitor. After removing the remaining wash buffer, 75 μL of proteinase K solution (10 mM Tris and 1mM EDTA at pH 8.0, 0.7% SDS, 200 μg/mL proteinase K) was added to each immunoprecipitation reaction, followed by incubation at 55°C for 3 h and at 65°C overnight to reverse formaldehyde cross-linking. ChIP DNA fragments were purified with a QIAquick PCR purification kit (Qiagen), eluting in 30 μL of Qiagen elution buffer. We followed the procedures of Illumina's and Samantha Cooper's (University of California, San Francisco) protocols (http://samanthacooper.dreamhosters.com/mywiki/index.php? title=SolexaChIP) for genomic DNA library preparation. In brief, ChIP DNA fragments were blunted and ligated to sequencing adapters, kindly provided by Samantha Cooper. One microliter of highly pure T4 DNA ligase (Enzymatics) was used to ligate the adapters to ChIP DNA, which were incubated at 16°C overnight. The next morning, another 1 μL of T4 DNA ligase was added to the reaction to boost the ligation efficiency. Adapter-ligated ChIP fragments became circular, and uracil-DNA glycosylase was used to digest the U in the adapter to linearize the DNA fragments. This adapter design allows maximal reads for each chromatin immunoprecipitation sequencing (ChIPseq) library. The linearized adapter-ligated DNA was then amplified with 25 rounds of PCR. The PCR products were cleaned with an Agencourt AMPure PCR purification kit part #A63880 (http://www.agencourt.com/technical/). DNA quality control was done with Bioanalyzer (Agilent). The resulting ChIP DNA libraries were sequenced on the Illumina Genome Analyzer (Vincent J. Coates Genomic Sequencing Laboratory, University of California, Berkeley). The reads that have passed Illumina's internal quality filter were retained for further analysis. Reads were aligned to mm9 assembly of mouse genome by Illumina's default aligner ELAND (allowing up to two mismatches in first 32 bp). The aligned reads were given as input to peak-finding software Model-based Analysis of ChIPseq. The default P-value cutoff criterion was at 10 −5 (the effective genome size was set to 2.2 Gb). The underlying DNA sequences of the identified peak regions were obtained with a python script and further analyzed with web-based motif-finding tools.
Annotation of Genes. The distribution of GR-binding sites, relative to nearest genes, was determined by PinkThing (http://pinkthing. cmbi.ru.nl). PinkThing identifies the closest genes to each GRbinding region (GBR) within 1,000 kb upstream of the transcription start site or downstream of stop codons. All sequences associated with the peaks were obtained from the Mus musculus National Center for Biotechnology Information m37 genome assembly (mm9; July 2007).
Motif Search and Gene Ontology Analysis. BioProspector (2) was used to search for 14-or 8-bp motifs in the ChIPseq data. The top 10-20 scoring output motifs from BioProspector were then compared with known binding sites in the TRANSFAC V11.3 database using STAMP (3). A motif discovery program, the cisregulatory element annotation system (CEAS) (http://ceas.cbi. pku.edu.cn) (4), was also used to obtain the enriched transcription factor motifs located in ChIPseq-identified GBR. The expect value (E) from STAMP research is a parameter that describes the number of hits that one can expect to see by chance when searching a database of a particular element. The lower the E-value, the more significant the match is.
The Database for Annotation, Visualization and Integrated Discovery (DAVID) (http://david.abcc.ncifcrf.gov/home.jsp) was used to perform gene ontology analysis. Below is the list of categories selected for analysis: Disease: OMIM_DISEASE; Functional Categories: OMIM_DISEASES, COG_ONTOL-OGY, SP_PIR_KEYWORDS, and UP_SEQ_FEATURE; Gene_Ontology: GOTERM_BP_FAT, GOTERM_CC_FAT, and GOTERM_MF_FAT; Pathway: BBID, BIOCARTA, and KEGG_PATHWAY. TFSEARCH (http://www.cbrc.jp/research/db/TFSEARCH. html) was used to locate transcription factor-binding motifs in p85α GBR using the default threshold score of 85.
Microarray and Data Analysis. Fully differentiated C2C12 myotubes were treated with 1 μM Dex or an equal volume (0.05% vol/vol of media) of vehicle control ethanol for 6 or 24 h at 37°C in DMEM supplemented with 2% horse serum. Total RNA was isolated with a NucleoSpin RNA II kit (Macherey-Nagel), following the manufacturer's protocol. RNA isolates were first quantified by standard spectrophotometry and then qualitatively evaluated by capillary electrophoresis using the Bio-Rad Experion system per the manufacturer's instructions. Biotin-labeled cRNA samples were prepared with 750 ng of total RNA template. Following synthesis and purification, the biotin-labeled samples were evaluated by both 260/280 absorbance spectrophotometry and capillary electrophoresis. The final labeled cRNA samples were hybridized overnight against 48,000 transcripts using MouseWG-6 BeadChip arrays (Illumina). The Illumina microarrays were processed at the University of California at San Francisco Genomics Core. All treatments were done in triplicate, and the same batch of microarrays was used for all treatments. The Illumina expression arrays were preprocessed using lumi package (5) . The differential expression analysis was performed using the Limma package (6) . These packages are all available in R/BioConductor. Probes were selected for further analysis if the fold induction was greater than 1.5, and multiple testing adjusted the P value to less than 0.05 using the Benjamini and Hochberg procedure (BH-adjusted P value) (7). The heat maps of log intensities of genes across different experiments were produced using Cluster and TreeView software (8) . The microaray data are available at the Gene Expression Omnibus Web site (http://www.ncbi.nlm.nih.gov/geo/) under accession no. GSE28840.
RNA Isolation and Quantitative PCR. Total RNA was isolated from mouse gastrocnemius muscles using TRI Reagent RT (Molecular Research Center, Inc.). To synthesize randomly primed cDNA, 0.5 μg of total RNA, 4 μL of 2.5 mM dNTP, and 2 μL of random primers (New England Biolabs) were mixed at a volume of 16 μL and incubated at 70°C for 10 min. Then, a 4-μL mixture containing 25 units of Moloney Murine Leukemia Virus Reverse Transcriptase (New England Biolabs), 10 units of RNasin (Promega), and 2 μL of 10× reaction buffer (New England Biolabs) was added and incubated at 42°C for 1 h and then at 95°C for 5 min. The cDNA was diluted and used to perform real-time quantitative PCR (qPCR) using the EVA QPCR SuperMix Kit (Biochain) following manufacturer's protocol. qPCR was performed in either a 7900HT, 7500HT, or StepOne PCR System (Applied Biosystems) and analyzed with the ΔΔ-Ct method, as supplied by the manufacturer (Applied Biosystems). Rpl19 gene expression was used for internal normalization. Primer sequences are listed in Dataset S5.
Plasmids, Transfection, and Luciferase Reporter Assay. Reporter plasmids harboring different GBR were cotransfected with pcDNA3-hGR (150 ng) and pRL Renilla (100 ng) into C2C12 myoblasts in a 12-well plate. pGL4.10-E4TATA reporter plasmid was generated by insertion of a 50-bp minimal E4 TATA promoter sequence (9) into the BglII to HindIII sites of vector pGL4.10 to drive luciferase expression (10) . Each chosen GBR fragment, extending 100-150 bp upstream and downstream of the GBR, was amplified from genomic C2C12 DNA (primer sequences are listed in Dataset S5) using the Expand Long Template PCR System (Roche Applied Science) and cloned into the pGL4.10-E4TATA vector with KpnI/XhoI sites. The QuikChange Lightning mutagenesis kit (Stratagene) was used to make site-directed mutations per the manufacturer's instructions. Primer sequences are listed in Dataset S5. Lipofectamine 2000 (Invitrogen) was used to transfect C2C12 myoblast according to Invitrogen's manual. Twenty-four hours post transfection, cells were treated with either 1 μM Dex or control EtOH in differentiation media for 16-20 h. Cells were then harvested, and their luciferase activities were measured with the Dual-Luciferase Reporter Assay kit (Promega) according to Promega's manual.
containing DMEM and incubated at 37°C for 15 min, followed by two PBS washes. The fixed cells were visualized and photographed with phase-contrast microscopy and 300 nM DAPI (Invitrogen) in PBS and incubated at 37°C for 15 min. The stained cells were then washed with PBS twice before imaging. Zeiss Axio Imager was used for fluorescent imaging. Three short-axis measurements were taken along the length of a given myotube, and at least 100 myotubes were analyzed using iVision software (BioVision Technologies) for each adenovirus construct.
Protein Synthesis Assay. sh-p85α and sh-scr C2C12 myoblasts were grown in 96-well plates and differentiated into myotubes. Protein synthesis assay (Click-iT AHA Alexa Fluor 488 Protein Synthesis HCS Assay, catalog no. C10289, Invitrogen) was carried out per manufacturer's instruction. 
